. This paper reviews the major changes to the standard, including expansion of energy efficiency coverage and more stringent efficiency requirements. The paper also discusses the interrelationship of the design standard with China's other building energy standards. Furthermore, comparisons are made with ASHRAE Standard 90.1-2013 to provide contrasting differences in efficiency requirements. Finally recommendations are provided to guide the future standard revision, focusing on three areas: (1) increasing efficiency requirements of building envelope and HVAC systems, (2) adding a whole-building performance compliance pathway and implementing a ruleset based automatic code baseline model generation in an effort to reduce the discrepancies of baseline models created by different tools and users, and (3) adding inspection and commissioning requirements to ensure building equipment and systems are installed correctly and operate as designed.
Introduction
The Chinese economy has been growing at nearly 10% annually for more than two decades. Along with this economy growth the national energy consumption has increased significantly. The total primary energy use in China was 3.25 billion ton coal equivalent (TCE, 1 TCE ¼ 29.39 GJ) in 2010, of which 68% was coal, 19% for petroleum, 4.4% for natural gas, and 8.6% for nuclear, hydroelectric power and wind power (NBS, 2011 ). China's import of petroleum is over 50% (MoLR, 2011) . The availability of energy resources has emerged as a challenging issue for Chinese sustainable economic development and homeland security.
The contemporary building industry, a major engine boosting China's economic development, has added up to 60 billion square meters of new buildings since the start of economic reform in 1980s (BECRC, 2012) . About 40 billion square meters of new floor space will be built in China by 2025 while urban population in 2030 will be nearly double that of 2000 (Woetzel et al., 2009 ). The buildings sector in China consumed 10% of the total primary energy in 1978, but has now grown to 20-25% (BECRC, 2012; Fridley, 2008; Price et al., 2011) . According to the "China Road Map for Building Energy Conservation," the total energy use in China should be controlled to under 4 billion TCE per year by 2020, with the target for the buildings sector set at 1 billion TCE per year (Peng et al., 2013) .
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/enpol Nearly 20% of new construction is non-residential (commercial) buildings (Hong, 2009) , including office buildings, schools, hotels, hospitals, retail shops and others. The energy consumption due to the operation of commercial buildings accounts for a significant portion of the total energy use in China, and is expected to increase by over 7% per year (Fridley, 2008; Zhou, 2007) . The energy savings potential in public buildings is estimated to be about 50% by combining energy conservation measures with improved operations (Hong, 2009 ). In the "China Road Map for Building Energy Conservation" prescribed for non-residential buildings, targets have been set for the overall energy use intensity to be less than 65.0 kWh/(m 2 yr), with the specific criteria indicating 70 kWh/ (m 2 yr) for office buildings, 40 kWh/(m 2 yr) for schools and 80 kWh/(m 2 yr) for hotels (Xiao, 2011; Yang, 2009 ).
Aiming for sustainable economic growth, the Chinese government and administrative entities have promoted building energy conservation measures through legislative action. Some of this legislation includes the 2007 milestone of China's law on energy conservation and two significant regulations in 2013, (1) China's 12th Five-Year Plan for the development of energy conservation, and (2) the new national standard for the energy consumption of buildings. The evolution of the related policies at the national level are shown chronologically in Fig. 1 .
Along with the policies for energy conservation at a macro level, China's Ministry of Housing and Urban-Rural Development (MoHURD) developed building energy standards at a detailed level. Adopted building energy codes dating back to the 1980s included commercial (public) buildings and residential buildings (mostly apartments) in all climate zones except the temperate one. These standards defined the efficiency requirements of the building envelope, such as the minimum insulation of walls, roofs, and floors, the thermal performance of windows, as well as HVAC systems. Absent from these codes were lighting provisions, which were detailed in a separate regulation (Shui et al., 2009 ). The objective was to provide a prescriptive compliance path, requiring the efficient design of building components to meet standard requirements. For the building envelope, a trade-off approach allowed for the performance of opaque envelopes and windows. For the most part, the prescriptive requirements detailed in the Chinese standards are slightly less stringent than those in the United States (Mo et al., 2010; Evans et al., 2014) . However, similarly to the United States (with national and state code adoption pathways), the Chinese codes are mandatory at the national level, but provide local governments with the ability to adopt more stringent standards.
For commercial buildings, MoHURD developed standard GB 50189, to prescribe minimum energy efficiency. GB, in Chinese pinyin "Guo Biao" means national standard. Derived from a hotelbased standard prescribed in the 1980s (MoC, 1993; Feng et al., 2014) , GB 50189 debuted in 2005 with the goal of cutting the building energy consumption by 50% compared with baseline buildings built in 1980s. The scope of GB 50189-2005 included offices, hotels, schools and retail buildings and applied to new construction, as well as the expansion and retrofit of the existing public buildings. Serving as the major regulative vehicle since 2005, GB 50189 has successfully fulfilled its initial goals, and has significantly improved the energy performance of the public buildings in China (Hong, 2009) . In 2014, MoHURD upgraded the standard to pursue further energy savings, targeting an energy reduction of 30% from 2005 baseline levels. This paper reviews the major changes in the Standard GB 50189-2014 for public buildings in China. It discusses the relationship of the standard with China's other building energy codes, and compares the efficiency requirements with those in the United States peer standard ASHRAE 90.1-2013: Energy Standard for Buildings Except Low-Rise Residential Buildings (ASHRAE, 2013) . Recommended areas of improvement for GB 50189 in future revisions are also suggested.
Methods

Introduction of the standard GB 50189-2014
China categorizes its building stock into civil buildings and industrial buildings. The civil buildings are further categorized into residential buildings and public/commercial buildings. The public buildings include office buildings, schools, hotels, hospitals, retails and others.
The Standard GB 50189-2005 intended to achieve energy savings of 50% for commercial buildings in China compared to those built in 1980s. Regarding the technical measures, GB 50189-2005 featured two major sections on the building envelope and HVAC systems. The general structure of GB 50189-2005 is illustrated in Fig. 2 . Specifically, it prescribed efficiency of the HVAC equipment and thermal performance of the building envelope. The lighting requirements were referred to another national Standard GB 50034-2004 Lighting Design of Buildings. The efficiency requirements were dependent upon the building location and climate zones, defined in China Standard GB 50178, "Standard of climatic regionalization for architecture." China has five climate zones: severe cold, cold, hot-summer and cold-winter, hot-summer and warm-winter, and temperate ( 
Structure
The standard structure was extended to cover more technical aspects affecting the building energy performance. The electricity consumed by lighting and appliances has become a major portion of the total energy use in public buildings. Renewable energy has become widely adopted as one way to reduce the net building energy use in China. As shown in Fig. 4 , the new requirements are highlighted in bold, including new chapters on the electrical system, renewable energy systems, and water supply and drainage systems. Traditionally, the water supply and drainage systems consume significant amounts of electricity and water. Therefore, these new challenging issues require designers and stakeholders to design effectively in order to achieve energy efficient and environmentally friendly buildings. As for the existing envelope China's five climate zones used in the Standard GB 50189A revision of Standard GB 50189 occurred in 2014 and was based mostly on the feedback from practitioners who adopted the standard, as well as research on the actual performance of the buildings built in compliance with the standard. The motivation for the code upgrade was to support China's ambitious national energy saving targets, specifically MoHURD's elevated building energy performance metric by 30% from the previous requirements. The major changes to the 2014 standard are summarized in Sections 2.1-2.3. section, some additional provisions were added to prescribe the energy-related architectural characteristic, such as the consideration of daylighting and orientation in the very early design phase. In addition, the HVAC section was supplemented with requirements for pipe and duct insulation, and the efficiency of terminal units.
More stringent efficiency requirements
For the building envelope, GB 50189-2005 prescribed the allowable maximum U-factors for exterior walls, roofs, and floors. It also defined the minimum thermal resistance for the slab-ongrade floors, the below-grade walls, and the maximum U-factors and shading coefficients for windows and skylights (Hong, 2009 ). The GB 50189-2005 specified the requirements for these technical parameters in all climate zones of China, except the Temperate zone where there is little demand of air conditioning or heating.
All of the requirements were tightened in terms of energy efficiency in GB 50189-2014. As Table 1 indicates the U-factors and shading coefficients (SCs) are more stringent compared to those in GB 50189-2005. Additionally, GB 50189-2014 added efficiency requirements for the temperate climate zone.
Moreover, for the envelope tradeoff compliance path, GB 50189-2014 mandated minimal requirements for the envelope Ufactor and SC for windows. By prescribing these requirements, GB 50189-2014 drew a bottom line for the tradeoff approach. Finally, the severe cold climate zone was divided into three sub zones instead of two to allow more appropriate local efficiency requirements.
For HVAC systems, the prescriptive efficiency requirements were increased in GB 50189-2014. GB 50189-2005 mainly regulated the efficiency, Coefficient of Performance (COP) and Integrated Part-Load Value (IPLV), of water-cooled and air-cooled chillers. The 2014 updates increased these efficiencies significantly. Table 2 summarizes the chiller efficiency requirements for the cold climate zone. The requirements depend on condenser cooling source (water or air), chiller type (reciprocating/scroll, screw, and centrifugal), and chiller cooling capacity. The chiller efficiency increases are listed in Table 3 , with the chiller efficiency requirements dependent on the climate zone, distinctly different from ASHRAE 90.1-2013. This was based on the consideration that in cooler climates, chillers operate for fewer hours, so the efficiency can be lowered. At first glance this seems reasonable, but actual chiller operation depends on the cooling loads in the building which are influenced by other factors (e.g. internal loads) besides the climate.
GB 50189-2014 designated a new indicator, the SCOP (System COP), to regulate the efficiency of the entire cooling system. SCOP takes into account chillers, auxiliary equipment (pumps, fans and cooling towers) as well as all terminal units in efficiency calculations. This highlights the fact that GB 50189-2014 considers efficiency requirements to be integrated with design rather than isolated or summed component efficiencies (Li et al., 2014) . Table 4 lists all the requirements on SCOP in the Standard GB 50189-2014.
GB 50189-2014 also added efficiency requirements on multisplit air-conditioning and heat pump units. Table 5 shows the IPLV requirements. 
New requirements in GB 50189-2014
Hong (2009) Provide compliance forms, checklist for field inspection. The Standard should have these forms, rather than relying on local governments to develop their own forms during the enforcement of the Standard.
GB 50189-2014 added a new chapter for electrical systems, including lighting system efficiency, electricity monitoring and metering systems. By referencing another national lighting standard, GB 50189-2014 explicitly defined the upper limit of the lighting power density for every type of space in buildings and applied the space-by-space method to regulate the lighting system. Allowance of the lighting power density was defined for each type of space, with every space in the building must comply on its own lighting requirement. Comparisons between new lighting requirements and those in the previous versions are shown in Table 6 and highlight the aggressive improvements in lighting power density (LPD).
The measurement and monitoring of energy consumption in buildings becomes critical in understanding the actual energy use and to provide feedback to designers and building operators to improve the energy efficiency in buildings. GB 50189-2005 recommended methods of energy monitoring, while in GB 50189-2014 energy monitoring was mandatory with detailed provisions.
GB 50189-2014 added a chapter on water supply and drainage (plumbing system) and the service hot water system, with the goal to reduce water use as well as water heating energy use. The GB 50189-2014 recommended design approaches, equipment efficiencies and water usage metering. Tables 7 and 8 show the efficiency requirements of pumps and water heaters. In the current building design procedures, renewable energy systems have become a solution to balance the energy demand in buildings. To standardize the application of renewable energy and maximize the benefit in utilizing these technologies in buildings, GB 50189-2014 specifically provided guidelines for the renewable energy systems in buildings. Technical provisions covered the use of solar power and ground source heat pumps. Within these provisions, an evaluation of the solar resource was required prior the detailed design of the photovoltaic system. Also for the ground source heat pump, the standard provided the minimal efficiency for heat pump units.
Results
Stringency analysis of the standard
All of the aforementioned improvements and amendments in the Standard GB 50189-2014 were driven by the goal of meeting a 30% energy savings compared to the 2005 standard. A comprehensive code stringency analysis of the Standard GB 50189-2014 has not been conducted. Such analysis, as conducted for ASHRAE Standard 90.1 (Halverson et al., 2014) , would require energy savings calculations based on whole-building energy simulation for China's entire commercial building stock. To prove efficacy, Feng et al. (2014) conducted a series of energy simulations to compare the energy use of prototypical office buildings that minimally complied with the 2014 and 2005 standards, in three Chinese cities Beijing, Guangzhou, and Shanghai. His calculations showed GB 50189-2014 standard achieved 25% energy savings (on average) over the 2005 version, slightly lower than the 30% savings target. The energy savings were 27%, 23% and 24% for Beijing, Guangzhou, Shanghai, respectively. The prototypical Chinese office buildings Feng used were based on surveys in China and the prototype building models developed by the U.S. Department of Energy (2010).
The role of GB 50189-2014 on China's building energy regulation system
China has gradually altered the building energy efficiency policy portfolio, from a purely regulatory approach with a mandatory building code at the initial stage to voluntary green buildings initiatives (Li and Shui, 2015) . GB 50189-2014 currently serves as the principal vehicle guiding the building design from the perspective of energy conservation. It covers all of the energy uses in buildings, including envelope, HVAC system, lighting, plugloads, water and drainage systems, domestic hot water systems, and renewable energy systems. For detailed prescriptions on specific issues, like lighting and daylighting design, GB 50189 provides general requirements while referencing GB 50033-2013 and GB 50034-2013. In addition to GB 50189-2014, five other standards are included in the standard system leveraged by the Chinese administrative entities. These are namely: (1) GB 50378-2014 "Evaluation standard for Green Buildings" (MoHURD, 2014b), (2) GB 50033-2013 "Standard for daylighting design of buildings" (MoHURD, 2013a), (3) GB 50034-2013 "Standard for lighting design of buildings" (MoHURD, 2013b), (4) JGJ/T 288-2012 "Standard for building energy performance certification" (MoHURD, 2012), and (5) an upcoming GB standard "Standard for energy consumption of buildings" (MoHURD, 2014a).
In China, building rating and labeling programs are widely adopted to promote energy savings in buildings. Correspondingly, GB 50378-2014 "Evaluation standard for Green Buildings" (denoted as the green building standard hereafter) is the foremost guide to prescribe the pathway to certification for China's green building three-star rating program. This standard expands the scope of regulation, with provisions on land use, the outdoor environment, energy savings, water savings, material savings, indoor environmental quality, as well as building operation and management. By providing a technical approach for procuring the scores in pursuit of certification, the green building standard builds up a pathway to promote the development of sustainable buildings in China.
Since the building certification program is voluntary, the requirements in the green building standard are optional and only applicable when a certain level of certification is pursued. However even within the voluntary standards such as the GB 50378, there are "mandatory" pre-requisite requirements and optional requirements that the design team may choose to meet, to gain points towards attaining the desired green building rating (Geng et al., 2012) .
Within the hierarchical anatomy of the China building standard system, GB 50189-2014 is the foundation whereas the green building standard represents China's vision of holistic building performance.
Even with the design standard for commercial buildings and the green building standard, there is still a strong need for regulations to monitor and control the actual energy use of commercial buildings in China, especially to meet China's aggressive energy savings targets. In this respect, JGJ/T 288-2012 "Standard for building energy performance certification" and the upcoming national standard "Standard for energy consumption of buildings" are two the major vehicles.
JGJ/T 288-2012 "Standard for building energy performance certification" aims to promote a performance benchmarking system based on the actual energy performance of commercial buildings. Developed by MoHURD, JGJ/T 288-2012 recommends approaches to monitor, normalize, and benchmark, in an effort to evaluate the actual energy use of commercial buildings. Unfortunately this voluntary standard has relatively little impact on China's regulation system and is often overlook by authorities in government and industry. The national standard "Standard for energy consumption of buildings," carries more responsibility in regulating the actual energy consumption of commercial buildings in China. The The hierarchy of China's building energy standards system is illustrates in Fig. 5 . The top four standards target the efficiency of commercial buildings during the design phase, while the bottom two standards call for the monitoring of actual energy use during the operational phase.
It should be noted that China's building energy standards and regulation system is complex. It is beyond the focus of this study to provide comprehensive description, references (BECRC 2012, Mo et al., 2010; Li and Shui, 2015; Peng et al., 2013; Shui et al., 2009 ) are available for more in-depth information.
Discussion
Comparisons of GB 50189-2014 with ASHRAE Standard 90.1-2013
Although China Standard GB 50189-2014 is more stringent than the 2005 standard, there is further room to increase the efficiency requirements. Tables 9-13 compare the envelope, lighting and HVAC equipment efficiency requirements specified by GB 50189-2014 and ASHRAE Standard 90.1-2013. The requirements for the building envelope in ASHRAE Standard 90.1-2013 depend on the construction classification. For example, the regulative parameters for opaque elements, including roofs, walls, floors and doors, are offered for each sub construction type under each major category, as demonstrated in Table 9 . The regulative indices include the Ufactor of the whole assembly and the R-value of the insulation layer.
In contrast, GB 50189-2014 regulates the opaque envelope differently. The shape coefficient, defined as the ratio of the building's exterior surface area (m 2 ) to the building's volume (m 3 ), is the major variable required for regulating opaque components and is contingent upon the major construction type and different shape coefficients. There are no requirements for sub classes under the major envelope type. Moreover, the parameters for roofs, walls, and floors are more lenient than those in 90.1-2013. This reflects the relatively poor market penetration of high-end envelope technologies in China. Materials and technologies with high performance, but low cost, are a necessity in the building envelope market in China. In 90.1-2013, the Window-Wall-Ratio (WWR) is restricted to be lower than 40% if the prescriptive compliance path is used. Like opaque components, window indicators, assembly U-factor and assembly SHGC, are prescribed based on the window frame type and whether a window is operable. It is noteworthy that for the operable metal framed window, there is an extra requirement of compliance for the ratio of VT (Visible Transmittance) to SHGC. This aims to encourage the use of daylight. Standard 90.1-2013 has a separate requirement for U-factor and SHGC of metal framing entrance glass doors.
China's GB 50189-2014 regulates window performance in a different way. The WWR is added along with the Shape Coefficient to categorize the sub class. GB 50189-2014 has tightened the requirements for windows with the increase of the WWR capped at 70% for prescriptive compliance. Different window types, with the same WWR and Shape Coefficient, will share the same parametric requirements. GB 50189 uses shading coefficient (SC) instead of solar heat gain coefficient (SHGC) to prescribe the window performance.
To make straight comparisons, the SC values are converted into SHGC values in Table 10 , based on the formula SC ¼SHGC/0.86. Notably, requirements for the shading coefficient in GB 50189 depend on the window orientation. For most situations, windows on the north facade is not subject to any SC or SHGC regulations, because north facing windows (in the Northern hemisphere) receive reduced direct solar heat gains relative to other orientations. Although difficult to do a direct comparison between the two standards, GB 50189-2014 appears to have room for improvement in window performance (e.g. for the non-metal framing and metal framing windows) and can require lower U-factors. ASHRAE 90.1-2013 provides the building area method and the space-by-space method to determine the interior lighting power allowance. The space-by-space method establishes a lighting budget for each space separately, but compliance is determined overall for the building by the sum of the product of the space type area and budgets. Trade-offs are allowed between spaces. Standard GB 50189-2014 allows this method, however in a prescriptive requirement approach -each space has to meet its own lighting power requirement. Table 11 compares the interior lighting power quota specified in ASHRAE 90. 1-2013 and GB 50189-2014 . Notably, the maximum allowed lighting power density (LPD) for ASHRAE 90.1 is higher than that in the Standard GB 50189-2014. In ASHRAE Standard 90.1-2013, both the building area method and the spaceby-space method offer a simplified method for more flexible design, requiring designers only to show that the total lighting power is lower than the allowance. The allowance can be determined by multiplying the given quota index with the total lighting area. The building area method is not provided in the GB 50189-2014.
Lighting control requirements in ASHRAE 90.1-2013 are more concrete and practical compared with the general requirements in GB 50189-2014. ASHRAE 90.1-2013 requires automatic daylighting controls for side lighting. Besides, spaces (except LPD less than or equal 8.61 W/m 2 or lighted with high intensity discharge lamps)
should be equipped with automatic partial off control to cut the lighting power by 50%, 20 minutes after being unoccupied. GB 50189 could add similar requirements in future revisions to save lighting energy use.
ASHRAE Standard 90.1-2013 prescribes minimum efficiencies for Heating, Ventilating and Air Conditioning (HVAC) equipment. Tables 12 and 13 list the requirements of chiller efficiency and unitary air-conditioner efficiency for both standards.
Compared with GB 50189-2014, ASHRAE 90.1-2013 requires a higher chiller efficiency, either full-load rated COP or Integrated Part-Load Value (IPLV), by 4% to 14% (Table 12) . However, GB 50189-2014 features a unique requirement for the overall performance of the entire cooling system (including chillers, pumps, and cooling towers) under design conditions through the System COP (SCOP) in Table 4 . This echoes emphasis on total system performance in the China design practice and regulations. Table 13 shows the prescriptive requirements for unitary air conditioners in ASHRAE 90.1-2013 and GB 50189-2014. Unlike GB 50189-2014 which defines separate requirements for each climate zone, ASHRAE 90.1 has a single set of chiller efficiency requirements across all climate zones. Both standards require higher chiller efficiency for large cooling capacities. ASHRAE 90.1-2013 has finer capacity ranges for water-cooled chillers, which tend to have larger cooling capacity. For unitary direct-expansion units, in general, ASHARE 90.1-2013 requires higher efficiency than the standard GB 50189-2014, especially for smaller capacity units.
In comparison to GB 50189-2014, ASHSRAE 90.1-2013 has stricter standards, stressing the controls of the terminal unit, ventilation system, and auxiliary equipment. All ventilation systems are required to be equipped with off-hour controls or to automatically turn off when not needed. In addition, demand control ventilation (DCV) is required for spaces larger than 50 m 2 with a designed occupancy (for ventilation) of greater than 25 people per 100 m 2 of floor area, when the space is served by systems with one or more of air-side economizers, automatic modulating control of outdoor air damper, and designed outdoor airflow greater than 1400 L/s. Multiple zone HVAC systems must be equipped with controls that can automatically reset the supply air temperature in response to representative building loads, or to the outdoor air temperature. Supply water temperature is also required to be resettable in response to the representative loads or outdoor air temperature.
Code compliance improvements for GB 50189-2014
GB 50189-2014 offers prescriptive compliance pathways for new building construction and retrofits. All building sub-systems and components must meet prescriptive efficiency requirements. For example, U-factors of proposed walls and roofs should not exceed the standard U-factors for walls and roofs in corresponding climates. The design lighting power density should not be greater than the prescriptive value and the design chiller efficiency should be equal to or higher than the standard chiller efficiency. For the envelope, GB 50189-2014, as well as ASHRAE 90.1-2013, allows for a trade-off compliance path which defines the overall thermal performance of the building envelope considering heat transfer as well as solar heat gains. The trade-off option offers more flexibility for architectural design (e.g. WWR higher than 70%), balancing the walls/roofs and windows performance across all orientations. In the trade-off calculations, the area and orientation of envelope stays the same, while the thermal performance varies, such that design values are used in the proposed building calculation while standard values are used in the code baseline building calculations. Such trade-off calculations can be tedious for manual calculations. ASHRAE standard 90.1, up to the 2010 version (ASHRAE, 2010) , comes with a tool EnvStd for envelope trade-off compliance calculations. The latest 90.1-2013 uses the COMCheck tool (USDOE, 2014) .
GB 50189-2014 does not offer the whole-building performance compliance path, which is crucial to enable integrated design and offer the maximal flexibility of building design enabling trade-off of efficiency across all building components and sub-systems. The main reason China has not implemented the performance based compliance path is due to the complexity of the method, as so many details need to be clearly defined so that energy models of the proposed design and the baseline standard design can be developed. In the U.S. the trend is to automate the process by creating a ruleset based compliance engine, which takes a proposed building design and creates the baseline standard design/ model by interpreting the efficiency requirements and rules defined in the standard in a form of computerized ruleset. This is now implemented for California Building Energy Efficiency Standards Title 24 (CEC, 2013a (CEC, , 2013b using the CBECC-Com (AEC, 2014), California Building Energy Code Compliance (for COMmercial/Nonresidential buildings). With CBECC-Com, code compliance using the performance path can be standardized, streamlined and discrepancies due to energy modelers and compliance tools used can be reduced to minimum.
Code development process
Standard GB 50189-2005 was developed mainly based on the ASHRAE Standard 90.1-2004, including the structure of the standard, and assumptions used in energy modeling to evaluate the energy savings of measures. As there are significant differences between the United States and China in thermal comfort criteria, building operations and management, as well as occupant behavior in buildings, simply copying the U.S. assumptions used in developing ASHRAE Standard 90.1 would lead to problems of code stringency, cost effectiveness, and ease of implementation and enforcement of China's code. China has started a large scale survey of occupant comfort, building operations and management, and occupant behavior in both commercial and residential buildings, which will definitely provide good data to improve its code development for the next cycle.
To control air pollution in major cities in China, China is in an urgent move to promote low energy buildings employing passive design features and more occupant interactive operations to reduce energy use in buildings. One big difference between GB 50189 and ASHRAE 90.1 is the provisions of outdoor air ventilation. GB 50189 does not require continuous outdoor air by mechanical ventilation systems to meet actual occupant needs, as required by ASHRAE 90.1 referencing the ASHRAE Standard 62.1: Ventilation for acceptable indoor air quality. Instead, Chinese buildings, even highrise ones, have operable windows and occupants have the culture of opening windows for ventilation if necessary.
The code development in China is well under funded by government, which leads to serious problem of lacking in depth research to support the code development, and even worse the necessary process of public hearing and workshops to get feedback from the public and key stakeholders on revisions to the standards.
Conclusions and policy implications
Policy implications
In addition to the improvement of prescriptive provisions, integrated design approaches should be gradually adopted into the design process of new buildings. Integrated design involves the collaboration of all stakeholders and the entire design team starting with the initiation of the building project. For this, the integrative effects of building sub-systems such as envelope, lighting, plug-loads, and HVAC systems, are considered and quantified in the design process. An example of integrative effects include the reduction of lighting power and plug-loads, that will decrease building cooling loads, and thus cooling systems can be downsized, while heating systems have to be upsized.
Research on certified high performance buildings suggested that technologies can be contributive, but not dictating, to the energy performance of buildings (Diamond, 2006; Li et al., 2014; Newsham et al., 2009; Scofield, 2009) . Adding multiple efficient technologies does not necessarily improve building energy performance. Detailed case studies in the research further suggested that other factors, such as occupant behavior and building operation and maintenance, could have a significant positive role in realizing the expected building energy savings (Li et al., 2014 ). An integrated design approach that takes into account all of the factors, from technical measures to occupant behavior, offers the greatest potential for delivering a building whose actual performance is energy efficient (Busby Perkins & Will Stantec Consulting, 2007) .
To facilitate with the adoption of integrated design in practice, integrated approaches should be defined and recommended in the design standard. Guidelines recommended by Busby Perkins & Will Stantec Consulting (2007) and Li et al. (2014) are worth considering and bulleted as follows:
1. Learn the occupant culture and actively use it for natural ventilation, daylighting and other energy-related technologies. 2. Select most suitable technologies based on climate.
3. Value the consultancy from the building owner, prospective tenants, and operating team, for their expecting features of the building, operation practice and maintenance routines.
Inspection provisions are one method to ensure compliance. ASHRAE Standard 90.1-2013 has provisions on inspection for the (1) wall insulation, after the insulation and vapor retarder are in place but before concealment, (2) roof/ceiling insulation, after roof/insulation is in place but before concealment, (3) slab/foundation wall, after slab/foundation insulation is in place but before concealment, (4) fenestration, after all glazing materials are in place, (5) continuous air barrier, after installation but before concealment, (6) mechanical systems and equipment and insulation after installation but before concealment, (7) electrical equipment and systems after installation but before concealment.
ASHRAE Standard 90.1-2013 also requires the commissioning of HVAC systems. HVAC control systems shall be tested to ensure that control elements are calibrated, adjusted, and in proper working condition. For projects larger than 50,000 ft 2 (4,645 m 2 ) of conditioned area (except warehouses and semi-heated spaces), Informative Appendix E of 90.1-2013 references standards that provide detailed instructions for commissioning HVAC systems. China Standard GB 50189-2014 still lacks such inspection or commissioning requirements, which are critical to ensure materials, equipment and systems are installed correctly and operate as designed.
In addition, measures can be investigated to advance building energy performance as suggested by Feng et al. (2014) including (1) measures to encourage shading and natural ventilation for buildings in hot-summer and warm-winter climate zone, (2) measures to improve air-tightness of buildings, (3) measures of automatic dimming control with daylighting, (4) air-side economizers for cooling systems (although outdoor air quality has to be resolved first), (5) measures that credit positive occupant energy behavior, and (6) measures enabling better building operations and energy management.
Code compliance enforcement is the key to achieving the energy savings expected in the new GB 50189-2014 standard. The construction regulating committee of each city is in charge of verifying the compliance and issuing the certification for projects, with MOHURD, the major administrative entity in China, acting as the primary governing entity. For greater enforcement, clear procedures of field verification (e.g. wall/roof insulation, window labels) and acceptance testing (e.g. of HVAC systems and controls) need to be developed and included in the standard as mandatory requirements. Commissioning is another area to consider for new construction as well as renovations. In addition, consistency among various standards (usually developed by different government agencies with limited coordination) should be required to avoid public confusion, ease of implementation and enforcement by code officials.
Furthermore, as pointed out by Li and Shui (2015) , there are a number of outstanding challenges in the way forward in China's promotion of energy-efficient buildings, including insufficient local regulatory and financial support, difficulties in financing building retrofit, the discrepancy of building energy efficiency (BEE) implementation progress across regions, slow progress on heat reform (moving from local coal-fire boilers to district heating, and moving from charge based on floor area to actual energy use), and also the enormous scale of promoting building energy efficiency in rural areas that has only just begun. BEE policy development in rural areas has largely been left behind at the expense of the welfare of more than 200 million households in rural China. This poses a big challenge for financing and building industry skill training. Due to a combination of factors including continued economic growth, rising standards of living, and the annual addition of billions of square meters of new buildings, China's total building energy use will certainly continue to increase. Ensuring high energy efficiency standards for new construction may allow China to achieve its greatest potential for energy savings and GHG emissions reduction.
Conclusions
The 2014 revision of the China Standard GB 50189 increases the energy efficiency requirements of commercial buildings in China, targeting a 30% energy savings compared with the 2005 standard. GB 50189-2014 adds requirements of electrical systems, plumbing systems, and renewable energy generation. Suggestions for future revisions to GB 50189-2014 are recommended as follows: (1) increasing efficiency requirements of building envelope and HVAC systems, (2) adding a whole-building performance compliance pathway and implementing a ruleset based automatic code baseline model generation in an effort to reduce the discrepancies of baseline models created by different tools and users, and (3) adding inspection and commissioning requirements to ensure building equipment and systems are installed correctly and operate as designed.
